Although the complex series of events which occur when a steroid hormone is administered to a human subject or to an intact animal might reflect a series of completely unre!lated activities, they are more likely to be secondary to a few fundamental actions on the celils of the body and it is with this second concept that research in this field has been directed.
There are two particular features of steroids which may be important in determining their mode of action. Firstly, they have oxygen substituents at certain typical positions which readily undergo enzymatic oxido-reduction and could, therefore, act as coenzymes or prosthetic groups of enzymes in reactions involving hydrogen transfer. Secondly, steroids are surface active and interact with hydrophobic surfaces producing energy. If the energy were to be absorbed iby a receptor molecule it could modify the structure and hence the biological activity of that molecule. A less well defined change is associated with the ability of steroids to capture electrons; this has recently been measured by Lovelock, Simmonds and Vandenheuvel (1963) who consider that the high electron affinities of adrenocortical hormones, a property unusual among organic compounds, might indicate their ability to participate in or control biological oxidative processes. Laidler and Krupka (1961) compared the association between the steroid and a receptor with the formation of an activated enzymesubstrate Michaelis complex. Entropy and volume changes during activation of enzymes indicate that structural changes occur in the enzyme molecule and such changes might explain the disturbances of membrane permeability in nerve cells associated with structural changes in acetylcholinesterase. A similar mechanism might account for changes induced by steroids in the permeability of cell structures.
In this process parts of the receptor molecules having specific binding properties might be masked, unmasked, created or destroyed; as well as causing a redistribution of bound substrates, an alteration in enzymic properties might result. Kimberg and Yielding (1962) studied the inhibition of pyruvate kinase by oestrogens and related compounds and showed by viscometry and electrophoresis structural changes in the enzyme, without a change in molecular weight. Yielding and Tomkins (1962) have reported a steroid-hormone induced loss of activity of crystalline glutamic dehydrogenase due to disaggregation into subunits functioning as alanine dehydrogenase with an uncovering of pyridine-nucleotide binding sites. These authors have been more concerned to show the possibility of such changes rather than to attach great physiological significance to them. Chemical changes in receptor molecules after association could account for the highly theoretical possibility of the formation of active enzymes from inactive precursors.
That the receptor itsel-f could be an enzyme cofactor has been considered by Scott and Engel (1961) who obtained physical evidence for the interaction between steroid hormones and purine dinucleotides. This interaction between hormone and a coenzyme associated with a postulated change in the structure of the coenzyme might abolish its hydrogencarrying function, but there was no experimental evidence for this.
Apart from oxido-reductive changes, metabolism of the steroid molecule is not thought to be of physiological importance except as a mechanism for steroid inactivation. However, competition for active sites on enzymes as opposed to association with them could be of importance in influencing steroid metabolism itself.
The various theories which have been proposed to explain the action of steroid hormones at the cellular level will be considered under the following headings:
1 Tomkins and Maxwell, 1963) . Controlled and variable passive diffusion can be explained on a biochemical basis, but explanations of mechanisms of active transport in which energy is used to transfer molecules against concentration gradients are only speculative. Hechter and Lester (1960) present and review data suggesting that part of the increased glucose uptake of muscle cells in response to insulin is the apparent removal of intracellular barriers to diffusion, enabling the sugar to equilibrate in a larger fraction of the cell water. Extending this theory the authors outline a model cell based on the results of their experiments on sodium and potassium distribution in the mould Neurospora Crassa. Potassium was taken up against a concentration gradient and sodium was excluded from the major part of the cell water, but in the presence of desoxycorticosterone both ions were distributed in all of the cel water at the same concentration as in the surrounding medium. This suggested that the sodium pump operated not at the cell boundary but in the cytoplasm. The crystal structure of certain silicate minerals excludes the highly hydrated sodium ions, whereas the less hydrated potassium ions are able to diffuse freely through and be adsorbed by the lattice; such minerals behaved in a similar manner to untreated Neurospora. The authors assumed that in the cytoplasm there are ordered lattices which require energy to maintain their structures and which bind potassium ions and water molecules and exclude sodium ions. In the aibsence of energy or under the influence of specific agents the lattices expand, potassium binding sites are lost and sodium is no longer excluded. Other cytoplasmic components may also bind sugar and amino acid molecules. The bound substrate equilibrates with substrate in the non-bound intracellullar water and at equilibrium the concentration of this equals that of the surrounding medium. Active transport in this model is the binding of substrate and water to the lattice with equilibration of the unbound intracellular phase with the surrounding medium through an inert memjbrane. In spite of the authors' assertions to the contrary, sufficient binding of potassium to account for active transport is thermodynamically inconsistent with the maintainance of an electrical potential across the membrane. However, the ability of this ingenious model to account for many aspects of active transport merits serious consideration.
Effects on Hydrogen Transfer
Several steroids inhibit the transfer of hydrogen from the pyridine nucleotide coenzymes 'by the mitochondrial cytochrome chain (see Wade and Jones, 1956 ) reducing respiration and oxidative phosphorylation. Yielding, Tomkins, Munday and Cowley, (1960) located the site of action between flavoprotein and cytochrome b; Chance and Hollunger (1963) found that inhiibition of respiration by pro- Transhydrogenases, which catalyse the transfer of hydrogen between pyridine nucleotide ccenzymes, have been identified in both mitochondria and in soluble cell sap of several tissues and organisms. The transfer of hydrogen from NADPH to NAD increases the efficiency of energy production since NADH transfers its hydrogen to cytochrome c via flavoprotein, cenzyme Q and cytochrome b with a greater yield of ATP than NADPH which transfers hydrogen directly to cytochrome c. They may also play important regulatory roles in cellular metabolism, as NADP may be a rate-limiting factor in dehydrogenations in the pentose phosphate cycle and the availability of NADPH may influence fatty acid and steroid biosynthesis and hydroxylations. In addition to the oestrogen-sensitive transhydrogenase, which Hagerman and Villee (1961) claim can be found in all cestrogen target organs, Hurlock and Talalay (1958) have described a 3-hydroxysteroid-sensitive transhydrogenase system in liver, but which is probably only of minor importance (Stein and Kaplan, 1959 Adams, Jarabak and Talalay (1962) reported that with the purified enzyme, diethylstilbeestrol acted as a competitive inhibitor. However Abe, Hagerman and Villee (1964) working with an enzyme isolated from myometrium found only slight dehydrogenase activity and that diethylstilboestrol was fully active in stimulating transhydrogenation. Whatever the mechanism, cestrogen-stimulated transhydrogenation undoubtedly occurs, and Joel, Hagerman and Villee (1961) (Goldstein August, 1964 and others, 1962) . Kenney (1962a) has purified this enzyme and shown that there are both active and inactive enzyme components but the proportions of active and inactive components were the same in preparations from both control and hydrocortisone-treated animals. He concluded that hydrocortisone did not promote the conversion of an inactive enzyme form to the active form and he also showed (Kenney 1962b ) that the rise in enzyme activity was paralleled by a rise in antigenic material suggesting that increased enzyme synthesis was primarily responsible for the hydrocortisone-induced increase in activity. Kenney and Flora (1961) showed that the increase in activity was related to the concentration of steroid in the liver and believed that the steroid was acting directly on the protein-synthesising system.
Glutamic-pyruvic transaminase activity in rat liver is increased by hydrocortisone administration and this increase could be inhibited by ethionine (Segal, Beattie and Hopper, 1962) . Segal, Rosso, Hopper and Weber (1962) have shown that the rise in enzyme activity is paralleled by an increase in antigenic material again suggesting that the hormone induces enzyme synthesis. However, fasting, diabetes or a high protein diet also increases hepatic glutamic-pyruvic transaminase activity (Rosen, Roberts and Nichol, 1959) which suggests that the observed increase may be secondary to a peripheral effect. Similarly, although hydrocortisone increases glucose-6-phosphatase activity in the livers of adrenalectomized or normal rats so does starvation or a high protein diet (Harper and Young, 1959; Harper, 1959) or alloxan diabetes (Frcesch, Ashmore and Renold, 1958) .
Effects on uptake of amino acids. Several workers have studied the uptake of radioactive amino acids by target tissues after oestrogen or androgen administration. Frieden, Laby, Bates, and Layman (1957) showed that the uptake of [14C]-glycine into mouse kidney was stimulated by testosterone propionate and Butenandt, Gunther and Turba (1960) showed that the incorporation of [14C]-leucine by seminal vesicles of immature rats receiving testosterone was increased fourfold whilst Mueller (1961) has shown that the amount of radioactivity in protein was greater in uteri from cestradiol-treated rats after ["4C]-glycine administration. Mueller (1961) Effects on ribosomal activity and the formation of ribonucleoprotein. Much recent work on steroids has been designed to define their exact role in protein synthesis, the main steps of which are outlined in Figure 1 .
Amino acids are activated in the cytoplasm by specific amino-acid-activating enzymes and can then complex with specific soluble ribonucleic acid molecules (s-RNA). The s-RNA-amino-acid complex which is forned is transferred to a specific position on an RNA template situated on the surface of a ribosome. Peptide-bonding of the amino acids attached to the template occurs and is followed by release of the newly formed protein from the template. The genetic determination of the structure of a protein is due to the synthesis of that protein on a ribosomal RNA template whose base sequence is determined by that of the deoxyribonucleic acid (DNA) of the structural gene. The template or messenger RNA is synthesised in the nucleus and transferred to a ribosome; its rate of synthesis is determined by an operator-repressor gene system (Jacob and Monod, 1961 Wilson (1962b) showed that cestradiol also acted on this step. Using preparations of ribosomes and soluble factors isolated from the oviducts of cestradiol-treated or control hens, Wilson (1962b) showed that cestradiol modified ribosomal activity but did not affect the activity of the soluble factors required in the formation of ribonucleoprotein.
The action of glucocorticoids on protein synthesis in the liver has also been defined at the ribosomal level by Korner (1960) who showed that ribosomes from the livers of rats adrenalectomized some weeks previously were less active than those of controls. Treatment of normal rats with hydrocortisone increased liver ribosome activity. The immediate effect of adrenalectomy, however, was to increase ribosomal activity and this could be abolished by treatment with hydrocortisone. The activity of the soluble factors was unchanged during these procedures. These paradoxical early and late effects of adrenalectomy have not yet been explained.
Effects on synthesis of template (ribosomal) ribonucleic acid. Mueller (1961) has shown that increased nucleic acid synthesis is an early effect of cestrogen treatment; Kochakian, Hill and Aonuma (1963) Work on the inhibition of induced enzyme synthesis by 8-azaguanine (which prevents RNA synthesis) and by actinomycin (which prevents the messenger RNA from attaching to the ribosomes) has shown that the synthesis of template RNA and its attachment to the ribosomes are necessary for induced enzyme synthesis. Thus, Kvam and Parkes (1960) have shown that the simultaneous administration of 8-azaguanine and hydrocortisone to adrenalectomized rats prevented the increase in glucose-6-phosphatase and fructose 1, 6-diphosphatase which normally occurred after hydrocortisone administration. Similarly Greengard and Acs (1962) showed that actinomycin prevented the rise in tryptophan pyrrolase and tyrosine-aketoglutarate transaminase activity after hydrocortisone administration. However, chloramphenicol, which inhibits protein synthesis in bacteria and is thought to act by preventing the messenger RNA from attaching to the ribosomes, does not inhibit the incorporation of
[14C]-leucine into kidney ribosomes from testosterone-treated mice (Kochakian and others, 1963) nor does it inhibit protein synthesis in the oviduct system of hens treated with cestradiol (Wilson, 1962b Liao and Williams-Ashman (1962) . They found that the transfer of radioactivity from s-RNA-valine-[14Cq to trichloracetic acid-insoluble material by ribonucleoprotein particles from rat ventral prostate was markedly reduced in preparations from animals castrated 2-3 days previously and the activity could be increased threefold by the addition of polyuridine-guanidine (UG), a synthetic polynucleotide having a high uracil/ guanine ratio. The administration of testosterone to the animals completely reversed the effects of castration and the addition of poly-UG to preparations from testosterone-treated castrates had no effect. On the other hand, Wilson (1962b) found that the addition of ribosomal RNA, extracted from the oviducts of hens treated with cestradiol, to the proteinsynthesising system from the oviducts of untreated hens did not increase the rate of protein synthesis. However, the RNA might have been degraded during the extraction procedure.
Effects of glucocorticoids on protein synthesis in peripheral tissues. The glucocorticoid-induced decrease in peripheral-tissue protein seems to be due to a decreased rate of synthesis rather than to an increased rate of breakdown. Manchester, Randle and Young (1959) showed that adrenalectomy raised, whilst hydrocortisone depressed, the rate of incorporation of [14C]-glycine into protein of rat diaphragm and White, Hoberman and Szego (1948) Steroid-activated enzyme systems which catalyze transhydrogenation occur in many tissues but their presence in all cestrogen target tissues is questionable (Mueller, 1961) which throws doubt on their physiological significance. The mechanism proposed by Talalay for transhydrogenation is the only example of chemical change in the steroid molecule being important in its mode of action.
The action of steroids on protein synthesis, with the possible exception of the influence of glucocorticoids on peripheral tissues, is probably to regulate the synthesis of messenger RNA, perhaps through the operator-repressor gene system. Such a mechanism permits specific enzyme synthesis and a differentiation in tissue response because in different tissues enzymes with similar functions may have different structures (Kaplan, Ciotti, Hamolsky and Bieber, 1960) and hence be controlled by different gene complexes. However, the increase in synthesis of some enzymes after steroid administration might not be due to a direct action of the steroid on the protein-synthesising mechanism but could be secondary to some other change in cellular environment.
